Collagen organization has been analyzed at both external and internal scales by combining Stokesvector polarimetry and second harmonic generation microscopy. A significant linear relationship between the diattenuation and the external collagen organization was found. The dominant orientation of the collagen fibers was found to run parallel to the axis of diattenuation. Information on the collagen chirality was obtained from the circular dichroism, which showed also a strong dependence with the internal collagen organization. The results show that certain polarimetric parameters might be useful to extract quantitative information and characterize collagen arrangement.
Introduction
Collagen plays an important role in maintaining the integrity of connective tissue and it is the most abundant structural protein in mammals [1] . Although there are more than 20 classified types of collagen, type-I is predominant in the human body (∼80%) [2] .
Second harmonic generation (SHG) microscopy is a powerful tool to image label-free collagen-based tissues [1, 3, 4] . SHG signal originates from the basic structure of the tropocollagen molecule composed of polypeptide chains arranged in triple-helical structure [5] . These helices assemble into highly regular structures forming collagen fibrils (∼nm in diameter) [6] . The distribution of these fibrils is often understood as the internal structure of collagen. In type-I collagen tissues, these fibrils are aligned to become fibers (∼μm in size). The organization of these fibers corresponds to the external structure of the sample. The relative orientation of the fibrils within a fiber and the pitch angle of the collagen triple-helix are related to the molecular hyperpolarizability of collagen [1, 4] . SHG is a coherent nonlinear optical process that has been proved to be sensitive to polarization [1, 7] . This SHG polarization dependence provides additional information not available from intensity measurements alone, such as the ratio of hyperpolarizabilities (ρ=β xxx /β xyy ) [1, 4, 7] or the molecular orientational distribution [8, 9] . Polarization-sensitive SHG has been used to better visualize the collagen fibers within a tissue and to characterize the external spatial arrangement [3, 4, [10] [11] [12] . Although collagen organization varies drastically from one tissue to another, polarizationsensitive SHG microscopy has been able to discriminate between healthy and pathological ones [13, 14] . Then, this approach provides information not only about the external distribution of collagen fibers, but also on the internal organization (i.e. both external and internal scales).
The response of SHG signal to polarization has often been analyzed in terms of linear polarized light [1, 3, 4, 7, 15] . However the use of elliptical states might provide improved SHG signal and relevant information [16] [17] [18] . Whereas the dependence of quasi-parallel collagen structures and linear polarization is well understood (theoretical and experimentally), the combination of samples with non-regular arrangements and incident elliptical polarized light is still a topic of interest [12, 19] . Moreover, some polarization parameters such as the dichroic ratio [12, 20] or the anisotropy factor [21] have been defined taking into account only linear polarization. As recently reported, this fact might lead to incomplete results under certain experimental circumstances (for instance, when the specimen does not show a well-organized collagen arrangement) [19] .
These drawbacks might be overpassed when using Mueller matrix polarimetry. A Mueller matrix is a 4×4 real-valued matrix containing the full polarimetric response of a sample (depolarization, birefringence and diattenuation). This matrix transforms an incident polarization state (represented by the socalled Stokes vector) into another which contains information on the polarization properties of the sample [22] . Although the Stokes-Mueller formalism is classically used in linear optics, this has been extended to SHG imaging techniques [23, 24] . Other authors have used a generalized Stokes-Mueller formalism, where the polarization properties of the sample are contained in a 4×9 matrix called double Stokes-Mueller matrix [25, 26] .
On the other hand, the internal triple helices of the collagen originate intrinsic chirality [5] . This property gives rise to a different response to right-and left-handed polarized light and can be studied by measuring the circular dichroism (CD) [27] . CD has been reported to be a non-negligible optical property, which means that circular polarized light might be used to obtain information about both collagen morphology and dimensional orientation of collagen molecules [28] . Although this polarimetric property has also been used to differentiate normal tissues from diseased ones [29] , in-depth analyses of the relationship between CD and the internal organization might be important to understand changes in collagen-based tissues.
Some efforts have been made to quantify the collagen properties at both external and internal scales. However, most of them have been shown to depend on a particular set of polarization states, usually linear ones, which might under-(or over-) estimate some structural properties. In that sense, a gold standard technique is required to avoid misleading conclusions. The present work uses Stokes-vector-based polarimetry to explore more precisely the dependence between diattenuation (both magnitude and axis) and the external organization of collagenbased samples. Moreover, the relationship between the collagen internal organization and the CD is also investigated.
Methods

Polarimetric SHG microscope and imaging procedure
The home-built multiphoton microscope used for polarimetric SHG imaging has been previously described [12] . It uses a Ti: Sapphire femtosecond laser (λ ω =800 nm, 76 MHz repetition rate) as excitation source and incorporates a polarization state generator (PSG) into the illumination pathway. This PSG modulates the incoming polarization state and is composed of an horizontal polarizer and a rotatory quarter-wave (λ/4) plate. The polarized laser beam reaches the sample via a 20× objective (numerical aperture, NA=0.5) that is scanned in the XY direction. The nonlinear emission, collected via the same objective, passes a narrow-band spectral filter (400±10 nm) to isolate the SHG signal and it is finally detected by a photomultiplier tube.
SHG images corresponding to four independent incoming polarization states were recorded for each specimen. These states were achieved by orienting the λ/4 fast axis of the PSG at −45°, 0°, 30°and 60°, as described elsewhere [30] . These angles of the λ/4 plate produce left circular, linear horizontal and two elliptical polarization states, respectively. Each set of polarimetric images was used to calculate the four spatially resolved elements of elements of the first row of the Mueller matrix (see section 2.3). From these elements polarimetric parameters such as diattenuation, the axis of diattenuation and CD were computed. The image processing was performed in Matlab TM . The imaged area of each sample subtended 210×210 μm 2 with a resolution of 256×256 pixels. Images were acquired at 1 Hz frame rate. The scan directions were from left to right and from top to bottom. The laser power at the sample's plane ranged between 20 and 40 mW (depending on the specimen). No photodamage was produced to the samples.
We analyzed 14 samples corresponding to non-stained ocular structures, mainly composed of type-I collagen. Sample #1 was a piece of human sclera fixed in paraffin. The rest of samples corresponded to ex vivo tissues (cornea and sclera) of different animals (porcine, bovine, rabbit). The former was provided by the eye bank of the Hospital Universitario Virgen de la Arrixaca, Murcia, Spain. The rest of tissues (intact ocular globes) were obtained from a local slaughterhouse and moved to the laboratory immediately after the animal's death. These were placed in a glass bottom dish filled with a phosphate buffer solution during SHG imaging. For all specimens, SHG images were acquired at layers located close to the surface. The imaged plane was always perpendicular to the axis of the microscope (to avoid tilts and minimize imaging artefacts). The experimental protocol was approved by the Universidad de Murcia ethical committee.
Structure tensor and collagen external organization
The external organization of a collagen sample here refers to the arrangement of the fibers (i.e. micro-scale). For its quantification the structure tensor was employed [31] . This is a representative matrix where the components are given by the partial derivatives along the Cartesian directions (X-Y). It contains information about the orientation and isotropy of every pixel within an image, which makes it appropriate to analyze the structure of collagen patterns. This tool provides several spatially resolved parameters, such as the degree of isotropy (DoI) map and the histogram of preferential orientation (PO). The structural dispersion of the analyzed sample is defined as the standard deviation of PO histogram, which is linearly correlated with the DoI. DoI ranges between 0 and 1, and as a general idea, the higher DoI, the higher the alignment of the collagen fibers along a PO. If a PO does not exist (or alternatively, DoI is close to zero), the sample is understood as a non-organized distribution of collagen fibers. To illustrate this tool, figure 1 shows an example for an artificial image.
Further details on the mathematical formalism tensor can be found in [31] . 
where MC SHG is a 1×4 vector containing the sample's properties responsible for the changes in the emitted SHG intensity.
Further information and more details on this formalism can be found in the appendix. 
In particular, for the present experiment, the elements of the 1×4 vector MI SHG are the four experimentally recorded SHG images, one for each incident polarization state. In this sense, the unknown spatially resolved elements of MC SHG (or the pixel-by-pixel values of the four elements of MC SHG ) can be finally computed as:
It is worth mentioning that the 4×4 matrix MS IN does have an inverse because its determinant is different from zero. These polarization states are mathematically independent as it was corroborated in a previous calibration operation using an auxiliary polarization analyzer composed of a λ/4, a linear polarizer and a photodetector (see for instance [32] for further details on the polarimetric calibration).
Once the elements of MC SHG are known, the sample's diattenuation map (i.e. the spatially resolved diattenuation 
As a consequence, the axis of diattenuation lies parallel to S max and it can be computed as [33] :
On the other hand, as the dichroic ratio of a material is defined as the ratio between I SHG max(
expressed as a function of diattenuation as [34] : 
Results
Diattenuation and external organization
As an example, figure 2 shows SHG images of different ocular tissues involved in the present work: sclera (#1, #4) and cornea (#2, #3). The samples were chosen to be representative of different external arrangement patterns. For the sense of completeness, the averaged values of DoI are also presented. As expected, it is readily observable that the highest DoI value corresponds to the specimen with a higher collagen organization. In particular, DoI values indicate that sample #1 is well-organized (DoI0.7), #2 and #3 are partially organized samples (0.7>DoI0.20), and #4 is a sample with a non-organized distribution (DoI<0.20) [31] . Figure 3 shows two sets of polarimetric SHG images corresponding to samples #2 and #4 (one SHG image for each incident polarization state, as indicated). For each set of four polarimetric SHG images, the elements of the corresponding MC SHG vector were computed using the procedure above described. The four spatially resolved elements of MC SHG computed from the images in figure 3 are given in figure 4 . Since the values of the elements of MC SHG are different from zero, some dependence between the intensity of the SHG images and the incident polarization state is expected.
Once the elements of MC SHG are known, the map of diattenuation can be obtained by using equation (4) . This map shows the pixel-by-pixel sensitivity of the sample to the incident polarization. At this point and taking this into account, the question would be: is this dependence with polarization related to the external structure of the collagenbased sample? To answer this question, we have compared the DoI maps computed through the structure tensor (section 2.2) with the maps of diattenuation. As representative examples, figure 5 presents those maps for samples #2 and #4. The averaged values across the images have been included for clarity.
Moreover, both spatially resolved parameters (i.e. diattanuaiton and DoI) have been computed for the 14 different samples involved in the present experiment. Figure 6 depicts the relationship between diattenuation and DoI values. The plot confirms that diattenuation significantly increases with the external organization. That is, a sample with a higher DoI presents higher diattenuation (i.e. higher polarization Figure 2 . Experimental SHG images corresponding to a human sclera (fixed in paraffin, #1), ex vivo bovine (#2) and porcine (#3) corneas, and a piece of human sclera (#4). Scale bar: 50 μm. sensitivity). These data can be fitted to a linear function (R 2 =0.88 and p<0.0001).
The maps of Axis D have been computed from the elements of the vector MC SHG by means of equation (7) . Figure 7 shows these maps for samples #1 (quasi-parallel distribution) and #2 (partially aligned). The mean value across each map is also shown. The PO histograms calculated with the structure tensor for the same specimens are also presented. It is interesting to notice that the mean values obtained for Axis D and PO are similar. This indicates a close correlation between the preferential direction of the collagen fibers (if any) and the axis of diattanuation of the sample. For the sense of completeness, figure 8 compares the Axis D and the corresponding PO for eight different samples. This correlation can only be established in samples with quasi-parallel and partially organized arrangement. The rest of samples (6 out of 14) have not been included in the plot since they correspond to non-organized structures and the PO histograms did not present a preferred direction of the fibers [31] . A significant linear correlation between these two parameters was also found (R 2 =0.99 and p<0.0001): Axis D =1.05·PO -0.79.
Diattenuation: experiment versus theory
In order to corroborate the performance of the numerical model presented in the appendix for all samples used here, figure 9 depicts the comparison between the experimental values of D (already shown in figure 6 ) and the theoretical ones. Equation and p<0.0001). The agreement between both sets of data can be noticed in this plot. This corroborates the fairly good accuracy of the theoretical model and justifies the assumption of Kleinman symmetry (see the appendix for more information on this).
CD and internal organization
It has been recently reported that there exists a parabolic dependence between the ratio of hyperpolarizabilities, ρ, and the external organization of the sample measured as the structural dispersion (or alternatively the DoI, since they are linearly correlated [12] ). However the values of ρ were experimentally computed from the dichroic ratio, defined as the ratio of the intensities for horizontal and vertical linear polarizations, DR HV =I H /I V =ρ 2 [12, 20] . This definition 'only' takes into account the linear polarized light that might lead to some discrepancies as very recently stated [19] . To test if the relationship is still valid when using the generalized expression of the DR (equation (8)) computed from the elements of the Mueller matrix, figure 10 compares the values of DoI and ρ for all the specimens. Once again the plot shows that both parameters are related through a parabolic function (R 2 =0.91, p<0.0001).
From figure 10 , it can be seen that the calculation of ρ is incomplete since the present results yield only the magnitude of ρ but not the sign. This issue was also present when using linear polarized light and it was solved by using the information of the SHG intensity corresponding to an additional linear polarization state (at 60°) [18] . However, that solution did not provide information on the physical properties associated to the sign of ρ, which might be relevant for the internal characterization of the collagen structure. As will be shown in the following, the sign of ρ can be related to the properties of CD, that is, to the intrinsic chirality of the collagen [27, 28] .
The values of CD can be computed pixel-by pixel via equation (9) . As an example, figure 11 presents the maps of CD for two samples together with the mean values across the images. It can be observed that CD has negative values. The partially-organized sample (#2) presents also a higher CD (in absolute value) than the non-organized one (sample #4). This fact can be better seen in figure 12 . Figure 12 (a) presents the CD as a function of ρ for the 14 different collagen-based samples used along this work. The behavior of ρ shows some symmetry around CD=0. Although the best fit of this data corresponds to the function 'absolute value', a graphical relationship is not enough to justify the sign of ρ. To confirm that a negative ρ value is associated with a negative CD value (and ρ>0 with CD>0), for each specimen we used the additional polarimetric image reported in [18] . The acquired polarimetric SHG image provided us the sign of ρ. It is verified that if a sample presents a positive value of ρ, the CD computed from equation (9) is also positive (and vice versa). Having taken this into account, figure 12(b) depicts the same data as in figure 12(a) with the values of ρ with the correct sign. There is a significant linear correlation (R 2 =0.97, p<0.0001) between both parameters, which provides a direct method to obtain the sign of ρ directly from the sign of CD.
Discussion and conclusions
A polarimetric SHG imaging microscope has been used to further explore the external and internal organization of collagen-based samples. Four SHG images corresponding to independent polarization states were used to compute four Mueller matrix spatially resolved elements. Since this matrix can fully characterize the polarization response of any sample [22] , some polarimetric parameters such as diattenuation, dichroic ratio and CD were computed. These parameters were used to obtain additional quantitative information on structure of the analyzed specimens.
In the last few years, there has been an increasing interest in quantifying external collagen fiber organization from SHG images. Although Fourier analyses have often been used [35] , a recent study has successfully applied the structure tensor to classify different collagen patterns according to their organization [31] . This structure tensor is the approach used in this paper.
Diattenuation contains global information relative to the polarization sensitivity of a sample. In the present work, the SHG intensity depends on the elements the vector MC SHG . If those elements are null, there is no dependence between the SHG intensity and the incoming polarization state. This is not the case here, and diattenuation parameter computed from MC SHG is also different from zero, ranging between 0.12 and 0.63 for the samples involved in this study. These values have shown a significant linear correlation with the external distribution of fibers (figure 6): the higher (lower) the DoI, the higher (lower) the diattenuation. Although this linear correlation has not been reported previously, it is not surprising. It is well known that SHG signal emerging from a sample is polarization dependent. Moreover, it has also been reported that the modulation of the SHG signal for linear polarization is maximized when the sample under study presents a quasiparallel external structure, that is DoI values >0.70 [12] . When the sample presents a lower external organization (i.e. DoI decreases), this modulation is reduced. Taking into account that diattenuation represents the sensitivity to incident polarization, this fact has been further explored here. Through the use of the diattenuation parameter we have demonstrated that this polarization dependence is a general behavior and it does not depend on the relative angle between the collagen fibers and the excitation polarization state used for imaging (often linear in earlier works [10, 19] ).
This non-null value of diattenuation gives place to I SHG max( ) and I SHG miñ( ) (equation (5)). The Axis D (calculated using equation (7)) is the azimuth of the incident Stokes vector providing I .
SHG max(
) As expected from the elements of MC SHG , the Axis D maps were not uniform. Despite this, the averaged Axis D value across each map was similar to the PO of the fibers computed from the structure tensor (see figure 6) , that is, PO and Axis D presented a linear relationship ( figure 8 ). This means that there is a strong 'biological structural link' between the dominant orientation of the collagen fibers and the direction of maximum SHG intensity. It is worth mentioning that this only occurred with quasi-aligned and partially aligned samples, since PO did not exist for non-organized specimens [31] . This finding might be important in some cases where the SHG signal from the sample is very low and could be increased by selecting an appropriate polarization state for the illumination laser beam. This agrees with a recent study by Hristu et al [19] , where they report a novel methodology to select an optimal incident polarization to characterize tissues (and also differentiate healthy from pathological ones) using the anisotropy factor and Fourier analyses.
Combining Mueller matrix polarimetry and SHG imaging, Bancelin et al reported that the dominant orientation of the fibers uterine cervical tissue was similar to the axis of both diattenuation and birefringence [24] . This is coherent with the results presented here (for 14 different samples), since the Axis D was found to be collinear and aligned along the main orientation of collagen fibers.
SHG polarimetry was also used to explore birefringence [11, 24, 36] or the degree of polarization [23, 25, 37] . Although it is not the scope of this paper, the experimental setup reported here might be used to analyze those polarization properties if an analyzer unit is placed in front of the recording unit.
It is well know that internal collagen spatial distribution can be quantified by means of the ratio of hyperpolarizabilities, ρ. This parameter has been shown to be vary between −3 and +3 [1, 15] and it decreases with the loss of regular distribution and collagen aging [1, 3, 15, 17, 38] . Although in some references only the absolute values of ρ are presented (see for instance [7] and [39] ), both magnitude and sign are thought to be important for a complete internal collagen characterization. A recent study has experimentally determined the parameter ρ from three experimental values of the SHG intensity corresponding to incident linearly polarized light [18] . However, since the response of collagen-based structures to polarization strongly depends on their organization, the use of only this type of polarized light might have some influence on the results and reduce its accuracy [19] .
In this work, the ratio ρ has been computed from the dichroic ratio, defined from the diattenuation (equation (8)) and not from the SHG intensities corresponding to linear polarized light. Similarly to the diattenuation, the dichroic ratio (or alternatively ρ) was also found to depend on the DoI, but instead of a linear relationship, a parabolic one was the best fit. This result agrees with that reported in [12] , although the present case can be understood as a generalization, due to this 'global' definition of DR. However, this calculation of ρ is partial since only the module is known (see figure 10) . In order to calculate its sign, the concept of CD was introduced.
Together with ρ, the CD is another property closely related to the internal properties of collagen, in particular chirality [27] . To investigate the dependence between both parameters, the CD was computed from equation (9) for all the samples involved in this study. As expected from the spatial distribution of elements m 03 SHG and m , 00 SHG the maps of CD were not uniform and presented both positive and negative values. The relationship between the module of ρ and CD was fit by an absolute value function (see figure 12(a) ). This experimental finding indicates that CD and ρ present the same sign ( figure 12(b) ), which avoids the use of an extra polarimetric image [18] . It is worth remembering that the CD is proportional to the ratio between m 03 SHG and m . 00 SHG Since the latter represents the intensity when non-polarized light is incident and it is always positive, the sign of the CD can be directly determined by the sign of the element m .
03
SHG That is, samples with CD<0 will also have ρ<0.
The linear dependence between CD and ρ indicates that a high internal (i.e. molecular) collagen organization (or alternatively, high /ρ/) is associated with a high value of |CD|. It has been reported that, whereas CD is close to zero for a complete denatured protein, a properly folded protein has a non-vanishing CD [29] . The present results agree well with this fact, since samples with denatured collagen present low values of the ratio /ρ/ [1, 3, 11, 15, 38] and these are related to low values of |CD|. In addition, structural changes of collagen due to misfoldings of the triple helices would also lead to a decrease in /ρ/ (as occurs in severe diseases [40] ).
Our results are consistent with those reported by Lee and co-workers [28] . They showed that the CD obtained from SHG microscopy provides molecular information on collagen fibers [28] . They also claimed that the sign of the CD depends on the orientation of the longitudinal axis of the collagen triple helix, so that they can interpret the axial orientation of local collagen molecules from CD measurements. Since a change in the sign of the ratio ρ suggests a reversed polarity [15, 41] , a possible explanation for the relationship between the sign of CD and ρ is that changes in the directionally of the molecules axis are closely linked to variations in the induced SHG dipole moments [15, 17] .
In conclusion, Stokes-vector-based polarimetry has been combined with SHG imaging microscopy to quantify the collagen organization at both external and internal scales. It has been shown that collagen-based tissues behave as diattenuators with the axis parallel to the preferred orientation of the fibers. Diattenuation was found to have a linear dependence with the external organization, which means that a sample with a high structural dispersion of the collagen fibers has low polarization sensitivity. CD presented a significant correlation with the internal collagen structure (measured through the parameter ρ), which indicates that the chirality of collagen molecules is strongly related to the organization of the collagen fibrils. Since the mechanical effects, trauma and disease can modify collagen arrangement at both scales, this approach allows an integral measurement and collagen characterization that might help in early diagnosis or tracking of pathologies.
matrix. Similarly to linear optics, in polarimetric terms, the elements of the first row of this matrix are responsible for the dependence between the SHG signal emerging from the sample and the polarization state of the incident light. However, this general double Stokes-Mueller matrix can be noticeable simplified assuming both Kleinman and cylindrical symmetries in collagen-based samples [26] . This is very interesting since five out of nine elements of the first row of the matrix become zero. Only the elements m i 0 SHG (i=0, 1, 2, 3) remain non-null. For the sense of completeness, these nonnull elements are numerically computed along this appendix.
For this aim, let us consider an elliptically polarized light (azimuth χ, ellipticity ψ and phase difference δ) with wavelength λ ω represented by its Stokes vector S IN . If this light beam is incident on a sample composed of N collagen fibers with a certain structural dispersion [12] , the emerging SHG intensity I 2w will be a result of: where MC SHG is a 1×4 vector containing the sample's properties responsible for the changes in the emitted SHG intensity. In polarization theory, this vector is equivalent to the first row of the Mueller matrix (four elements), containing information on diattenuation. This SHG intensity I 2w can be expressed as (see [17] and [18] for specific details): 
In this equation, the term A contains the spatial dependence ((θ, Φ) are the angular coordinates in the backward direction, i.e. π/2<θ<3π/2), and the term B depends on λ ω, and the NA of the objective. Apart from χ and ψ, the term C also includes the two non-null elements (under both Kleinman and cylindrical symmetries) of the secondorder hyperpolarizability tensor, β xxx and β xyy . This tensor is related to the SHG dipole moment induced by the collagen fibers [15, 17] . In particular, this last term is the only one containing polarization information and is given by: 
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In order to compute the four unknown elements m ,
